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Flagella and pili are appendages that modulate attachment of Pseudomonas aeruginosa to solid surfaces.
However, previous studies have mostly reported absolute attachment. Neither the dynamic roles of these
appendages in surface association nor those of attachment phenotypes have been quantified. We used video
microscopy to address this issue. Unworn, sterile, soft contact lenses were placed in a laminar-flow optical
chamber. Initial lens association kinetics for P. aeruginosa strain PAK were assessed in addition to lens-surface
association phenotypes. Comparisons were made to strains with mutations in flagellin (fliC) or pilin (pilA) or
those in flagellum (motAB) or pilus (pilU) function. PAK and its mutants associated with the contact lens
surface at a constant rate according to first-order kinetics. Nonswimming mutants associated �30 to 40 times
slower than the wild type. PAK and its pilA mutant associated at similar rates, but each �4 times faster than
the pilU mutant. Lens attachment by wild-type PAK induced multiple phenotypes (static, lateral, and rotational
surface movement), each showing only minor detachment. Flagellin (fliC) and flagellar-motility (motAB)
mutants did not exhibit surface rotation. Conversely, strains with mutations in pilin (pilA) and pilus retraction
(pilU) lacked lateral-surface movement but displayed enhanced surface rotation. Slower surface association of
swimming-incapable P. aeruginosa mutants was ascribed to lower convective-diffusion-arrival rates, not to an
inability to adhere. Flagellum function (swimming) enhanced lens association, attachment, and rotation;
hyperpiliation hindered lens association. P. aeruginosa bound through three different adhesion sites: flagellum,
pili, and body. Reduction of bacterial attachment to contact lenses thus requires blockage of multiple adhesion
phenotypes.

Pseudomonas aeruginosa is a ubiquitous bacterium notorious
for causing serious infections in the airways, urinary tract, and
cornea (8, 30, 36). Healthy corneas are inherently resistant to
P. aeruginosa infection (43, 47) but appear more susceptible
with soft-contact-lens wear, especially overnight or extended-
wear modalities (25, 42). Since most P. aeruginosa corneal and
other infections are difficult to treat, there is an urgent need to
understand infection pathogenesis and develop novel methods
of treatment and prevention (12, 61). One possible mitigating
measure against infection is the reduction/prevention of bac-
terial adhesion to tissues and medical devices, including the
contact lens (9, 61).

P. aeruginosa adhesion to substrates, including soft-contact
lenses, has been studied extensively (5, 23, 28, 41, 54, 55, 58),
and roles for pili and flagella have been documented (15, 17,
45, 46). Pili are hairlike appendages on the surface of P. aerugi-
nosa and are responsible for surface lateral motility (also
known as twitching motility) (38, 40). Some studies argue that
pili are responsible for surface attachment, while others refute
that role (13, 17, 19, 20, 46, 52, 62). Some strains of P. aerugi-

nosa also exhibit a polar flagellum that allows the bacteria to
swim (49). Flagella are argued by some to provide only a
means for transport to a surface (15, 27, 45). Conversely, other
investigators suggest that flagellin, the structural unit of the
flagellum, is an adhesive factor that permits surface binding (1,
15, 22, 32, 45, 49).

Many measurements of bacterial uptake expose a fixed
aqueous concentration of bacteria to a surface in a poorly
defined flow field for a fixed time and count the number of
viable bacteria after “loosely” held material are washed away
(4, 11, 18, 48). In such studies, the rate of bacterial arrival to
the surface, the fraction of those arriving that stick, and the
uptake kinetics cannot be quantified. Moreover, bacteria in
some surface adhesion studies have been treated as inanimate
colloids instead of as living organisms (5–7, 15, 23). It is well
known that bacteria attached to solid surfaces exhibit motion
(37, 39, 49, 51, 52, 56). Due to the limitations of many current
assays, little mechanistic information is available on the roles
of bacterial appendages in surface association.

To understand the mechanism(s) of initial bacterial uptake
to soft contact lenses and the underlying roles of appendage
adhesins, we utilized video microscopy in a transparent micro-
flow cell. The optical flow chamber was specially designed to
provide well-defined laminar parabolic flow across the lens,
allowing calculation of the rate of transport to the surface. Our
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hypothesis was that P. aeruginosa binds to a soft contact lens in
multiple ways that manifest as different attachment pheno-
types. To distinguish the relative roles of pili and flagella in
surface association, we quantified the uptake kinetics and phe-
notypes of P. aeruginosa pilin and flagellin structural and func-
tional mutants by time lapse and real-time phase-contrast mi-
croscopy.

MATERIALS AND METHODS

Bacterial strains and culture conditions. P. aeruginosa strain PAK and its
motility mutants, PAK�fliC and PAK�motAB, were kindly provided by Stephen
Lory (Harvard Medical School). PAK�fliC lacks flagellin, hence the entire fla-
gellum, and thus is unable to swim (14). PAK�motAB has a flagellum, but not a
functional motor, and also cannot swim (14). P. aeruginosa strain PAK and its
twitching motility mutants PAK�pilA and PAK�pilU were also studied. The pilus
parent-mutant set was previously constructed and characterized by John S. Mat-
tick (University of Queensland, Australia) (59, 60) and was kindly provided by
Joanne Engel (University of California, San Francisco, CA) with John S. Mat-
tick’s permission. PAK�pilA is a nonpiliated, isogenic mutant and thus is also
twitching motility defective (59). PAK�pilU has pili but is unable to retract them,
and thus is also twitching motility negative. Indeed, PAK�pilU is hyperpiliated
from the expression of paralyzed fully extended pili (60).

Bacteria were recovered from frozen stocks by growth on Trypticase soy agar
at 37°C overnight. Single colonies were inoculated into 12 ml of a modified
Mian’s minimal medium: sodium phosphate monobasic monohydrate (7.5 mM),
potassium phosphate anhydrous (16.8 mM), magnesium sulfate heptahydrate (10
mM), sodium nitrate (23.5 mM), and sodium acetate (10 mM) (reagent grade;
Fisher) in ultrapure water and filter sterilized (29). Except for sodium acetate, all
reagents were reagent grade from Sigma (St. Louis, MO). All were used without
further purification. Modified Mian’s minimal medium was employed since it is
transparent, chemically well defined, and supports bacterial growth at a lower
rate than nutrient-rich media. Importantly, the low nutrient content of Mian’s
medium more closely mimics the low nutrient content of contact lens care
solutions. Bacteria were grown in a rotary shaker at 37°C and 250 rpm until the
culture reached an optical density at 650 nm (OD650) of 0.15, corresponding to
a late-exponential growth phase. The resulting culture was then diluted to the
desired concentration of �5 � 106 CFU/ml by diluting 6 ml of the culture into
210 ml of fresh modified Mian’s minimal medium and used immediately for
attachment assays. Bacterial concentrations were confirmed by viable-cell counts.

In some experiments, P. aeruginosa was fluorescently labeled with Alexa Fluor
546 carboxylic acid succinimidyl ester (Molecular Probes) as previously described
(57), but with slight modification. Briefly, a single colony of bacteria was inocu-
lated into 5 ml of Trypticase soy broth (TSB) and grown overnight (37°C, with
shaking at 250 rpm). One hundred microliters of that culture was then used to
inoculate 10 ml of fresh TSB. The culture was then grown for 4.5 h (37°C, with
shaking at 250 rpm), washed by centrifugation at 2,000 relative centrifugal force
(RCF) units (2,000 � g) for 10 min, and recovered and resuspended in sterile
phosphate-buffered saline (PBS) (10 ml; pH 7.4; laboratory grade; Sigma). The
wash step was repeated twice. Alexa Fluor 546 carboxylic acid succinimidyl ester
was added, and the culture was incubated for 1 h in the dark with gentle shaking.
Unreacted dye was removed by washing as described above. The labeled bacteria
were then suspended in 1 ml of Mian’s minimal medium.

Parallel-plate flow chamber. As illustrated in Fig. 1, bacterial interactions with
a soft-contact-lens surface were studied in a transparent, parallel-plate laminar-
flow chamber designed to rest on a phase-contrast microscope. The flow chamber
provided fully developed laminar flow across the soft contact lens. Bacteria were
thereby introduced to the lens surface at a constant and known surface shear
rate. The chamber frame was constructed of G10 fiberglass epoxy resin. A
standard 3- by 1-inch glass microscope slide (Fisher Scientific) served as the
chamber top, while the bottom was a 60- by 24-mm glass coverslip (Fisher
Scientific). The soft contact lens was mounted to the cover glass 35 mm down-
stream of the chamber entrance and was held in place with a 60- by 24-mm,
0.25-mm-thick G10 fiberglass epoxy resin sheet with a 5-mm-diameter aperture,
allowing for lens exposure to the flow stream. New cover glass and microscope
slides were used for each experiment. Flow entered and exited the flow cell via
0.125-cm-diameter ports. A 2-mm baffle near the flow chamber entrance evenly
distributed the flow into a parabolic profile. One-dimensional parabolic flow at
the location of the soft contact lens was confirmed with Multiphysics simulations
(Comsol).

For each surface assay, a new O2Optix (Balafilcon A; CIBA Vision, Duluth,

GA) silicone-hydrogel lens was soaked in sterile PBS, pH 7.4 (Sigma) for 2 days
to remove blister pack additives, e.g., surfactants and preservatives. O2Optix
lenses were chosen for their relatively uniform plasma surface coating (33, 35),
as verified by atomic force microscopy (data not shown). A 10-mm-diameter
circular section was cut from the lens using a corer and was mounted in the flow
chamber such that the bacterial suspension flowed past the lens’s posterior side.
The posterior side of the lens was chosen for examination since under contact
lens wear, it is the side in closest contact with the cornea. Before the surface assay
with phase-contrast microscopy, the flow cell was primed with modified Mian’s
minimal medium while the pump (Pharmacia LKB-Pump P-500) and all lines
entering the flow cell were primed with the freshly prepared bacterial suspension.
During bacterial deposition, a flow rate of 210 ml/h was set, corresponding to a
surface shear rate of 0.2 s�1. This low shear rate was chosen to provide a
well-defined and reproducible rate of mass transfer to the lens surface. In
addition, entrained, nonadherent bacteria drifted past the contact lens. As de-
scribed below, these bacteria were counted as part of those associated with the
surface. Each attachment assay lasted 1 to 2 h and was conducted at an ambient
temperature of �22°C. There was no detectable bacterial growth during that
time frame.

For bacteria labeled with Alexa Fluor 546 carboxylic acid, 20 �l of fluores-
cently labeled bacterial suspension was added to an Attofluor cell chamber
(Molecular Probes) containing a mounted 25-mm-diameter glass coverslip and
980 �l of fresh Mian’s medium and viewed under fluorescence microscopy.

Microscopy. In each experiment, P. aeruginosa adhesion was visualized by time
lapse or real-time video phase-contrast microscopy (Olympus IX70). To assess
the rate of bacterial surface association, a 40� objective was focused through the
contact lens onto its posterior side (total magnification, �400). Images were
captured with a black-and-white camera (Hamamatsu ORCA ER charge-cou-
pled device [CCD]) and subsequently magnified and displayed digitally on a
computer screen. Images were captured every 20 s with Volocity 4.0 imaging
software. The number of bacteria associated with the surface of the lens in each
captured image was quantified with Image J software (NIH). Bacteria were
considered associated if they were within focus with the contact surface. Thus, all
bacteria located within about 4 �m from the surface, the depth of focus of the
microscope, were counted. Sequential video frames were analyzed for the num-
ber of bacteria associated with the surface over a 1- to 2-h period. The rate of
bacterial association with the contact lens surface was scaled using a 1-mm2

viewing area. As determined by viable-cell counting, each bacterial suspension
had a somewhat different concentration. Hence, the rate of surface association
was also scaled linearly to the nominal bulk bacterial concentration of 5 � 106

CFU/ml.
For experiments studying attachment phenotypes, phase-contrast microscopy

with �600 magnification was used. An analog camera captured bacterial behav-
ior at the contact lens surface in real time. EyeTV (Elgato) converted the analog
signal to digital for compression in QuickTime video. One hour after bacteria
were detected at the contact lens surface, a 1-min interval of video was reviewed
and examined for distinct phenotypes. For fluorescence microscopy experiments,

FIG. 1. Plan (a) and side (b) views of the parallel-plate flow cham-
ber for bacterial adhesion assays. A baffle at the entrance of the flow
chamber more uniformly distributes the bacteria.
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the bacteria were viewed through a rhodamine filter at �600 or �1,000 total
magnification. Images were captured with a black-and-white Hamamatsu ORCA
ER CCD camera using Volocity 4.0 imaging software at a minimum of 9
frames/s. They were subsequently magnified and displayed digitally on a com-
puter screen.

Statistics. All rate and phenotype distribution data are reported as means �
standard deviations. Experiments were repeated at least three times. Student’s t
test was used to determine the statistical significance of differences between two
groups, with P values of �0.05 considered significant.

RESULTS

Swimming motility and association kinetics. Fig. 2a shows
the number of bacteria per unit surface area associated with the

contact lens as a function of time for PAK and its structural and
functional flagellum mutants, PAK�fliC and PAK�motAB.
PAK�fliC has no flagellum. To investigate the role of operative
versus nonoperative flagella in surface association, we also stud-
ied PAK�motAB. This mutant has a flagellum but lacks a func-
tional motor apparatus and, thus, cannot swim (14). Uptake data
for PAK�fliC and PAK�motAB were indistinguishable in Fig. 2a.
Dark vertical arrows denote the first arrival of bacteria to the
contact lens surface. Wild-type (wt) PAK exhibited a short lag of
�2 to 5 min before bacteria were observed at the surface. Swim-
ming-deficient mutants, PAK�fliC and PAK�motAB, however,
exhibit a much longer lag of �30 min. After arrival, all strains
accumulated linearly in time at the surface. The slope of the
kinetic uptake curve gave the rate of association with the surface
that, in all cases, was constant over the time range studied. As
summarized in Fig. 2b, different strains clearly exhibited much
different rates of association. The surface uptake rate for
PAK�motAB (filled triangles) was nearly the same as that for
PAK�fliC (filled circles). Wild-type PAK, however, associated
with the soft contact lens (SCL) surface �30 to 40 times faster
than its nonswimming capable mutants. Separate uptake experi-
ments with another P. aeruginosa strain (PAO1) similarly dem-
onstrated a linear increase in time and 30- to 40-times-faster
association of motile bacteria than nonswimming capable mutants
(data not shown). We conclude that the drastically lower associ-
ation rates observed in Fig. 2 for the flagellum mutants reflect an
inability to swim rather than increased attachment via the flagel-
lum in the wild-type strain.

As shown in Fig. 3 for a 100-fold range of concentrations
(2 � 105 to 2 � 107 CFU/ml), PAK obeys a linear increase of
association rate with increasing concentration. If we let � de-
note the number of bacteria associated with the surface per
unit area, then our uptake rate observations mean as follows:

d�/dt � kC (1)

where t is time, C is the bulk concentration of bacteria, and k
is a first-order rate constant. Since k and C are constant,

FIG. 2. (a) Number per unit surface area of PAK (open circles),
PAK�fliC (filled circles), and PAK�motAB (filled triangles) bacteria
associated with the contact lens surface as a function of time. Data for
PAK�motAB (filled triangles) are hidden by those for PAK�fliC (filled
circles). Arrows indicate the time of arrival of the bacteria to the lens.
(b) Rates of surface association from slopes of the linear regression in
panel a. The asterisk indicates that the P value is less than 0.05 for
comparison to the wild type.

FIG. 3. Rates of association of wild-type PAK bacteria with the
contact lens surface as a function of bulk bacterial solution concentra-
tion.
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integration of equation 1 explains the straight-line increase in
transient uptake seen in Fig. 2a for wt PAK and its motility
mutants. Also explained is the observed linear increase in rate
with bacterial concentration. Equation 1 holds only for dilute
bacterial suspensions at early time points where surface cov-
erage is minimal. For a bacterial mean size of �1 �m, we
calculate that only 2 to 4% of the contact lens surface was
covered by wild-type PAK after 1 h. These results suggest that
the bacteria arrived and associated with the surface uninflu-
enced by the presence of other bacteria. Further, if a significant
number of bacteria initially adhered to the surface and then
detached, association rates in Fig. 2 must decline in time;
equation 1 is no longer valid. Since this is not the case, we
conclude that detachment is minimal. Consequently, bacterial
detachment rates are low at the low surface coverages studied.
Further, washout of wild-type PAK by Mian’s medium (con-
taining no bacteria) after 1 h of loading demonstrated little
decline in surface coverage (data not shown). This conclusion
holds for the imposed 0.2 s�1 shear rate. We have not ascer-
tained whether adhered bacteria detach under the higher shear
rates of 1,000 s�1 typical of on-eye contact lens motion or if
they detach due to phenotype changes after longer times.

Pili and association kinetics. Pili are often implicated as a
mediator for bacterial attachment (13, 19, 20, 46). Conse-
quently, if pili are removed, a lower rate of surface association
is anticipated. A pilin mutant, PAK�pilA, was studied to de-
termine the possible influence on attachment rate occurring
when pili are lacking. Kinetics of association to the soft contact
lens for PAK�pilA and wild-type PAK are compared in Fig. 4.
No significant difference in the rate of bacterial association
with the contact lens surface was seen.

We also studied PAK�pilU, which has pili but lacks the
ability to retract them and, thus, cannot participate in surface-
associated twitching motility. The rate of association of
PAK�pilU in Fig. 4 was only 25% that of wild-type PAK or the
pilin-deficient mutant PAK�pilA. The three bacterial strains in
Fig. 4 are capable of swimming; they all reached the contact
lens surface within minutes of the start of the experiment.
Thus, lower association rates for PAK�pilU were not due to
lower surface arrival rates but rather to an adsorption barrier
to binding.

Association phenotypes. Video phase-contrast microscopy
was used to observe the behavior of individual wild-type PAK
bacteria associating with the contact lens surface. Figure 5
pictures the 5 different attachment phenotypes expressed by
the PAK population. One group appeared to be “tethered” to
the lens surface (Fig. 5a); these bacteria rotated randomly
about a fixed point, as documented in Fig. 6a. The rotation
phenotype is similar to that documented by Toutain et al. (56).
Another fraction of bacteria remained fixed at the contact lens
surface and did not exhibit observable movement (Fig. 5b).
Some bacteria appeared attached to the lens surface but
moved slowly along, even against the flow of fluid (Fig. 5c), as
confirmed in Fig. 6b. Some bacteria approached the surface
but did not stop and attach over the 1-min observation period
(Fig. 5d). These nonattached bacteria either drifted with the
flow stream (for swimming-deficient mutants) or swam ran-
domly near the surface, including against the flow (for swim-
ming bacteria). Nonattached bacteria were still considered sur-
face associated because they were close enough to the lens

surface to be interacting with it. Finally, small numbers from
each of these classes detached and left the surface (Fig. 5e).
Some of the phenotype classifications in Fig. 5 bear resem-
blance to those of Singh et al. (50), who designated fixed,
stationary bacteria as squatters, laterally moving bacteria as
ramblers, and detaching bacteria as flyers.

P. aeruginosa flagella can be directly viewed when the bac-
teria are labeled with Alexa Fluor 546 carboxylic acid. Wild-
type PAK bacteria were seen attaching to a glass coverslip
surface, and at times rotating while attached to the surface,
similar to that seen by phase-contrast microscopy of the bac-

FIG. 4. (a) Number per unit area of PAK (open circles) bacteria
and its pilus mutants, PAK�pilA (filled circles) and PAK�pilU (filled
triangles), associated with the contact lens surface as a function of
time. (b) Corresponding rates of surface association from slopes of the
linear regression in panel a. The asterisk indicates that the P value is
less than 0.05 for comparison to the wild type.
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teria attached to the soft contact lens. Figure 7a to d and e to
h reveal that the rotational phenotype displayed at least two
distinct subpopulations. Figure 7a to d show that the wild-type
bacteria adhered to the glass surface via their flagella and
rotated their body while their flagella remained fixed. Addi-
tionally, bacteria attached to the glass coverslip and rotated
both body and flagellum in concert, as shown in Fig. 7e to h.
Here, the attachment point was on the body since the flagellum
rotated in tandem.

To determine whether bacteria rotate when not attached by
pili, PAK�pilA was fluorescently labeled. Figure 7i to l show a
pilin mutant attached to the coverslip surface by its flagellum
with the body rotating, similar to wild-type PAK in Fig. 7a to d.
Similar to wild-type PAK in Fig. 7e to h, the PAK�pilA mutant
in Fig. 7m to p also bound to the glass surface and rotated its
body and flagellum in tandem. Thus, PAK�pilA bound to the
surface and exhibited a rotational phenotype while attached to
a point on its body, even though the bacterium has no pili.

Distribution of association phenotypes. Video microscopy
allowed observation of not only the 5 association phenotypes
but also the fraction of bacteria expressing each phenotype.
Figure 8 illustrates results for wild-type PAK and its swim-
ming-motility mutants, PAK�fliC and PAK�motAB. For wild-
type PAK, over 95% of the individual bacteria associated with
the contact lens surface were adhered. Most of these were fixed
and remained stationary. A small fraction of the adhered bac-
teria rotated; a more substantial portion moved laterally (i.e.,
twitched). Less than 5% of surface-associated bacteria de-
tached over the 1-min observation period. A small but mea-
sureable fraction of wild-type bacteria did not attach at all and
appeared to swim randomly along the contact lens surface. The
linear uptake kinetics in Fig. 2a and the distribution of surface
phenotypes in Fig. 8 are in concert: wild-type PAK binds to the
surface at this time point with minimal desorption.

For the �fliC flagellum mutant, no bacteria were observed to
rotate on the lens surface. Similar findings were seen for the
�motAB mutant. Loss in swimming motility removed the ro-
tational phenotype. Consequently, surface rotation demands
an active flagellum. Notably, PAK�motAB showed a significant
fraction of entrained bacteria associating with, but not binding
to, the contact lens surface.

Figure 9 presents analogous results for phenotype distribu-
tions of wild-type PAK and its pilus mutants, PAK�pilA and
PAK�pilU. As expected, the lack of pili on PAK�pilA and the
lack of pilus retraction on PAK�pilU completely eliminated

lateral movement. Upon loss of twitching motility, the fraction
of rotating bacteria increased �3-fold compared to the level
for wild-type bacteria, with the remaining phenotype popula-
tions remaining about the same. In all cases, the fraction of
pilus mutants not attached or detaching was small.

DISCUSSION

Our data show that wild-type Pseudomonas aeruginosa strain
PAK and each of its structural and functional flagellum and
pilus mutants initially associate with a soft contact lens surface
by linear uptake kinetics, as seen in Fig. 2a and 4a. Linear
uptake kinetics indicates a constant rate of bacterial accumu-
lation at the surface. Rates of surface association also in-
creased linearly with bacterial concentration, revealing that
bacteria arrive and interact with the surface individually. Al-
though constant arrival rates were found for all bacteria in this
study, Fig. 2b and 4b reveal that nonswimming mutants accu-
mulated at an �30- to 40-times-lower rate. In our laminar flow
chamber, bacteria in dilute suspension reached the focal depth

FIG. 5. Schematic of five surface association phenotypes. Dark
gray corresponds to the bacterial body. Light gray represents the bac-
terial pilin. Phenotypes a to c adhered to the surface. Phenotype d did
not. As discussed in the text, phenotypes a and d each exhibited two
subclasses.

FIG. 6. Time lapse phase-contrast images of bacteria: rotating (a)
and moving laterally (twitching) (b). Rotating bacteria appear tethered
to the contact lens by a single point and spin clockwise around that
point at least once in 60 s. Laterally moving bacteria move at least one
bacterial body width while remaining at the contact lens surface. Flow
direction was from left to right.
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of the contact lens surface by convective diffusion from an
axial, parabolic velocity field to a sparsely covered surface.
These conditions suggest arrival to the surface according to
Lèvêque theory (31, 34, 44). In this situation, the ratio of
association rates scales by the ratio of bacterial diffusion coef-

ficients, each raised to the 2/3 power (i.e., D2/3). Several studies
have shown that P. aeruginosa swimming motility is correctly
modeled as a random walk with an effective diffusion coeffi-
cient on the order of �10�6 cm2/s (2, 3). To estimate the
effective diffusion coefficient of the nonswimming PAK mu-

FIG. 7. Fluorescence microscopy. (a to d) Rotation of the wild-type PAK body while attached to coverslip by its fixed flagellum; (e to h) PAK
attached to a coverslip at a point with both body and flagellum rotating together; (i to l) PAK�pilA attached to the coverslip by its flagellum; and
(m to p) PAK�pilA attached to the coverslip at a point on its body, with both the body and the flagellum rotating together.

FIG. 8. Distribution of surface association phenotypes for wild-
type PAK and its swimming-motility mutants. Typical error bars are
shown. The asterisk indicates that the P value is less than 0.05 for
comparison to the wild type.

FIG. 9. Distribution of surface association phenotypes for wild-
type PAK and its pilus mutants. Typical error bars are shown. The
asterisk indicates that the P value is less than 0.05 for comparison to
the wild type.
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tants, we adopted the Stokes-Einstein theory of Brownian mo-
tion, D 	 kbT/6
�r0, where kb is Boltzmann’s constant, T is
absolute temperature, � is the solution viscosity, and r0 is
a/ln(2a/b), with a half the length of the bacterium (0.5 �m) and
b half the width of the bacterium (0.25 �m) (3, 15). We thus
estimate the diffusion coefficient of the nonswimming bacteria
as 6 � 10�9 cm2/s. When these values are adopted in the
Lèvêque theory, the ratio of arrival rates at the surface for the
swimming strains to those for the nonswimming strains is about
30, in good agreement with the experimental data. This result
indicates that PAK association with the SCL surface is gov-
erned by convective diffusion.

The significantly smaller diffusion coefficient of the nonac-
tive flagellum mutants also explains why they do not first ap-
pear at the contact lens surface until about 0.5 h after the
motile strains first appear. This is an important finding since
the rate of bacterial uptake to a surface, such as in Fig. 2a and
4a, cannot be correlated with the ability to adhere to the
surface. Although PAK�fliC arrived at the surface much
slower than did wild-type PAK, Fig. 8 reveals that the fractions
of bacteria bound to the surface after 1 h are similar for both
wt PAK and PAK�fliC. The nonmotile bacteria simply re-
quired more time to reach the same surface coverage than the
motile wild type.

Since rates of bacterial approach to a surface are influenced
by convective diffusion, different apparatus assess different up-
take kinetics and the relative role(s) of bacterial factors. Thus,
bacterial uptake to a surface studied in a stagnant cell is slower
than that studied in a flow cell. Using a microtiter plate assay
under an observation time frame of hours, O’Toole and Kolter
(45) found that flagella and pili are required for the initiation
of biofilm formation. However, Klausen et al. (27), using a flow
cell under a time frame of days, refute that finding. To distin-
guish phenotype binding mechanisms and strengths, surface
adhesion studies must account quantitatively for the role of
solution transport.

Figure 4a demonstrates that pili are not required for bind-
ing, since PAK�pilA accumulated at the same rate as wild-type
PAK. PAK�pilU also can swim and, hence, should arrive to the
surface at the same rate as did the pilA mutant. However, we
and others (10, 13, 17, 24) find that surface association is small
for hyperpiliated mutants of P. aeruginosa. Comolli et al. (13)
proposed that twitching motility is required for binding and
that PAK�pilU’s lack of pilus retraction precludes twitching
and, thus, prevents binding. Since pili were not required here
for initial adhesion to an SCL, we hypothesized, in agreement
with Fletcher et al. (17), that hyperpiliation sterically hinders
binding. Hyperpiliated bacteria are able to swim away and not
accumulate at the contact lens surface.

If the nonattached mutant had no flagellum or if the flagel-
lum was disabled, then the motion of nonattached bacteria was
entrainment in the flow stream. For the disabled mutant,
PAK�motAB, the fraction of entrained bacteria was almost
50%, indicating that despite being at the surface, many of the
bacteria were unable to bind. It is also possible that like the
hyperpiliated PAK�pilU, a paralyzed flagellum prevents adhe-
sion by steric hindrance.

Within the attached class, bacteria may rotate, either about
the body or about the flagellum (rotate), translate laterally
along the surface by twitching (move laterally), attach station-

ary (fixed), and desorb (detach). Only bacteria with active
flagella rotated on the surface. Rotation was either about a
point on the body or on the flagellum. We did not observe
rotation upon pilus attachment. Rotation about the body does,
however, signify point attachment rather than multiple attach-
ment locations along the bacterial body. Attachment to the
contact lens via lipopolysaccharides may be implicated (16, 19).
Toutain et al. (56), however, suggest that rotation of P. aerugi-
nosa is attributed to binding sites at the bacterium poles rather
than along the body.

The distribution of each phenotype in the surface-associated
population differed significantly depending on mutant type.
Still, several general observations can be made for PAK bac-
teria attaching to the surface of the SCL. The rate of arrival to
the surface was governed by convective diffusion. Attachment
occurred through the flagellum, the pili, or the body. When any
single attachment site was eliminated or disabled, the others
could be substituted to provide sticking. In all cases studied
here, there were at least two attachment sites available to the
bacteria.

In all phenotypes, the percentage of fixed bacteria was a
majority, typically over 50%. Our real-time observations oc-
curred after 1 h of initial detection of bacteria at the lens
surface. Presumably, the longer bacteria remain attached to
the surface, the stronger they attach. If so, most attached
bacteria evolve toward complete irreversible attachment. In-
terestingly, Singh et al. (50) found that for attached PAO1
bacteria under growth conditions, nearly 50% of the bacteria
were squatters (stationary bacteria) in good comparison with
our results. Surprisingly, despite using the same assay as that of
Singh et al., Kirisits et al. (26) found few stationary wild-type
PAO1 bacteria. We focused on initial binding of PAK under
nongrowth conditions rather than early biofilms. For all phe-
notypes studied in our experiments, the fraction of detachment
was small. However, it is possible that phenotypic changes in
the attached population over longer times could permit dis-
persal from the lens (21).

For mutants without pili, but with an active flagellum (i.e.,
PAK�pilA), the fraction of surface-attached bacteria undergo-
ing rotation increased significantly. For this class of mutant, it
appeared that the fraction exhibiting twitching motility was
replaced by one exhibiting rotation. Since nonpiliated mutants
can rotate about their bodies, surface attachment in this case
was via an adhesive site other than pili.

Since PAK exhibits body attachment sites other than pili,
this suggests initial binding by the body, followed by pilus-
propelled motion along the surface. Such a mechanism has
significant implications for biofilm formation. All else being
equal, lateral motion at the surfaces of individual bacteria
permits surface collisions and aggregation in support of the
current biofilm formation model (53). However, if biofilm for-
mation occurs primarily during growth at the surface, twitching
motion hinders biofilm growth as progeny bacteria migrate
away from the parent (50).

Assays performed in a well-defined flow field are necessary
for understanding of bacterial adhesion to surfaces. Nonswim-
ming mutants of PAK associated with the contact lens surface
at a much lower rate than that of the swimming strains. Thus,
the ability to swim enhanced the rate of arrival to the surface.
Arrival rates, however, do not correlate with adherence effec-
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tiveness, as illustrated by the results for wt PAK and PAK�fliC.
We also found that direct visual observation and enumeration
of surface-associating subpopulations were crucial for under-
standing mechanisms of binding. P. aeruginosa bound to the
contact lens through three different adhesion sites. Prevention
of P. aeruginosa attachment would require blockage of all three
adhesive locations. Thus, development of antifouling agents
cannot focus on overcoming only one of the binding sites.
Examination of surface phenotypes seems requisite to under-
standing the behavior of possible antifoulants. Although our
findings apply specifically only to P. aeruginosa strain PAK and
its interaction with the O2Optix SCL (and glass) surfaces, it is
likely that other strains of P. aeruginosa, and other bacterial
species with multiple appendages, display similar surface phe-
notypes on other contact lens surfaces.
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